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Abstract
A dedicated setup for the in-beam measurement of absolute cross sections of astrophysically relevant charged-particle
induced reactions is presented. These, usually very low, cross sections at energies of astrophysical interest are im-
portant to improve the modeling of the nucleosynthesis processes of heavy nuclei. Particular emphasis is put on
the production of the p nuclei during the astrophysical γ process. The recently developed setup utilizes the high-
efficiency γ-ray spectrometer HORUS, which is located at the 10 MV FN tandem ion accelerator of the Institute for
Nuclear Physics in Cologne.
The design of this setup will be presented and results of the recently measured 89Y(p,γ)90Zr reaction will be dis-
cussed. The excellent agreement with existing data shows, that the HORUS spectrometer is a powerful tool to deter-
mine total and partial cross sections using the in-beam method with high-purity germanium detectors.
Keywords: γ-ray spectroscopy, nuclear astrophysics, measured cross-sections, in-beam method with high-purity
germanium detectors
1. Introduction
Reliable cross-section measurements of radiative
capture-reactions are of utmost importance to under-
stand the nucleosynthesis of nuclei heavier than iron, in
particular the γ-process nucleosynthesis [1]. This pro-
cess is believed to be mainly responsible for the produc-
tion of the 30 - 35 neutron-deficient p nuclei. Since the
involved cross sections are typically in the µb range or
even lower, a reliable measurement is very challenging.
Various techniques are used for the measurement of
radiative capture cross-sections. One of the most widely
applied is the activation technique, which has provided
a large amount of experimental data [2, 3, 4, 5, 6, 7].
However, this technique is limited to reactions result-
ing in an unstable reaction product with appropriate
half-lives. In order to overcome this limitation, mainly
two different other methods are applied, namely the in-
beam 4pi-summing technique [8, 9] and the in-beam
technique with high-purity germanium (HPGe) detec-
tors [10, 11, 12]. The γ-ray spectrometer HORUS (High
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efficiency Observatory for γ-Ray Unique Spectroscopy)
[13] in combination with a recently developed target
chamber can be used for the latter technique. With
this method, the prompt γ-decays of the excited com-
pound nucleus are observed. By measuring the angu-
lar distributions using a granular high-efficiency HPGe
γ-ray detector array like HORUS at the University of
Cologne, absolute reaction cross-sections can be deter-
mined. Moreover, since the individual γ-decay patterns
are observed, further insight into the structure of the
residual nucleus is provided. This might also lead to
new nuclear structure results, e.g. spin and parity as-
signments, see Ref. [11].
In this paper, a new setup utilizing the γ-ray spec-
trometer HORUS is presented. In Section 2 the design
of the HORUS spectrometer is introduced followed by
the target chamber dedicated for nuclear astrophysics
experiments in Section 3. In Section 4 the results of
a first experiment on the 89Y(p,γ)90Zr reaction are dis-
cussed.
2. The γ-ray spectrometer HORUS
The γ-ray spectrometer HORUS is located at the
10 MV FN tandem ion accelerator at the Institute for
Nuclear Physics in Cologne. It consists of up to 14
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Figure 1: Drawing of the HORUS γ-ray spectrometer. The 14 HPGe
detectors are mounted on the eight cornes and six faces of a cube ge-
ometry. This allows the measurement at five different angles relative
to the beam axis, namely at 35 ◦ (detectors 12 and 13), 45 ◦ (detectors
7 and 8), 90 ◦ (detectors 0 to 5), 135 ◦ (detectors 6 and 9), and 145 ◦
(detectors 10 and 11).
HPGe detectors, where six of them can be equipped
with active BGO shields in order to actively suppress
the Compton background. The HORUS spectrometer
has a cubic geometry and the 14 detectors are mounted
on its eight corners and six faces, respectively. Thus,
the detectors are placed at five different angles with re-
spect to the beam axis, namely at 35 ◦, 45 ◦, 90 ◦, 135 ◦,
and 145 ◦, see Fig. 1. This allows the measurement of
angular distributions at five different angles, which is
important to determine absolute cross sections. The dis-
tances of the HPGe detectors to the target can be freely
adjusted. Due to the geometry of the target chamber
and mounted BGO shields, the distances typically vary
between 9 cm and 16 cm. Because of its flexible archi-
tecture, different types of HPGe can be mounted, e.g.,
clover-type HPGe detectors or cluster-like detectors.
2.1. Data acquisition
The signal processing at HORUS is performed dig-
itally using DGF-4C Rev. F modules, manufactured
by the company XIA [14, 15]. Each module provides
four input channels for the preamplifier signals of the
semiconductor detectors as well as four channel-specific
VETO inputs, which are used for the active Compton-
background suppression with BGO shields. The pream-
plifier signals are digitized by ADCs with a depth of
14 bit and a frequency of 80 MHz. The modules allow
the extraction of energy and time information as well as
traces of the individual digitized preamplifier signals,
if required by the experimentalist. An earlier revision
of these modules has been successfully applied to the
data acquisition of the Miniball spectrometer [16]. Us-
ing these modules, it is possible to acquire data over a
wide dynamic range of up to tens of MeV, which is im-
portant for astrophysical applications, since very high-
energy γ rays must be observed for this purpose. By
storing the data event-by-event in a listmode format, it
is possible to obtain γγ coincidence data, see Section
2.4.
2.2. Proton-energy determination
In order to obtain a reliable determination of the
proton energy, the Ep = 3674.4 keV resonance of the
27Al(p,γ)28Si reaction was used [17]. By scanning this
resonance, one obtains a calibration of the analyzing
magnet. In a first step, the resonance was scanned by
varying the projectile energy in small energy steps of
down to 0.5 keV. By normalizing the Eγ = 1779 keV
peak volume stemming from the 27Al(p,γ) reaction to
the accumulated charge, a resonance yield curve was
obtained, see Fig. 2. This yield curve shows a sharp low-
energy edge and a plateau. The width of the sharp rising
edge of the resonance yield curve is determined by the
energy spread of the incoming protons. The location of
the plateau is important for the efficiency calibration at
high γ-ray energies, see Section 2.3. Since the natural
width of this resonance is smaller than 2 keV [17], the
width of the plateau is determined by the proton-energy
loss inside the 27Al target. By fitting the resonance yield
curve, a spread in the proton energy of ± 4 keV was
found for the present setup. It is obvious from Fig. 2,
that the center of the rising edge of the yield curve is not
located at the literature value of Ep = 3674.4 keV, but
shifted by ≈ 17 keV to higher energies. This has mainly
two reasons. First, the earlier calibration of the ana-
lyzing magnet, relating the NMR measurement of the
analyzing magnet to the particle energy, might not be
exactly valid, since this is very sensitive to the exact ge-
ometry of the beamlines and slits defining the entrance
to the analyzing magnet. For this purpose, a measure-
ment of the exact proton energy must be done during
every conducted experiment, where the particle energy
must be precisely known. Secondly, a finite opening
angle of the slits in front of the analyzing magnet al-
lows a geometrical uncertainty for the beam entrance
into the analyzing magnet, i.e. a skew pathway of the
beam. However, since these parameters do not change
during the experiment, the beam uncertainty and energy
offset can be considered as constant. This constant off-
set must be taken into account in the data analysis, espe-
cially when it comes to determine the energy straggling
inside the target material, or when comparing the mea-
sured cross-section results to theoretical calculations.
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Figure 2: (Color online) Resonance yield curve of the
Ep = 3674.4 keV resonance of the 27Al(p,γ)28Si reaction.
This resonance was scanned by varying the proton energy in small
steps. This yield curve is used to exactly determine the energy of
the incident protons as well as their energy spread. Moreover, this
resonance is used for a relative full-energy peak efficiency calibration
for γ-ray energies up to Eγ ≈ 10.5 MeV, when measuring on top of
the resonance. See text for details.
2.3. Measurement of the full-energy peak efficiency
The absolute full-energy peak efficiency is mandatory
to derive absolute reaction cross-sections. Up to a γ-ray
energy of about 3.6 MeV the full-energy peak efficiency
can be determined using standard calibrated radioactive
sources. However, for astrophysical applications, the
absolute full-energy peak efficiencies for γ-ray energies
of up to more than 10 MeV must be precisely known.
For this purpose, more sophisticated techniques such
as measuring resonances of capture reactions or inelas-
tic scattering reactions must be applied. For this setup,
the Ep = 3674.4 keV resonance of the 27Al(p,γ)28Si re-
action was used [17], which allows the determination
of the full-energy peak efficiency up to an energy of
Eγ = 10509 keV. The resonance with an excitation en-
ergy of Ex = 15127 keV is populated, when measur-
ing on top of the resonance plateau, see Fig. 2. The
absolute branching ratios of the decay of this resonant
state are known [17]. They can be used to determine the
relative full-energy peak efficiencies, which are subse-
quently scaled to an absolute efficiency calibration ob-
tained with calibration sources. For the present case,
the γ rays with energies of Eγ =10509 keV, 8239 keV,
6182 keV, and 4458 keV were used for the efficiency
calibration. Fig. 3 shows the absolute full-energy peak
efficiency for a typical HPGe detector used in the HO-
RUS spectrometer as a function of γ-ray energy. The
full-energy peak efficiencies for the lower energy range
up to a γ-ray energy of Eγ ≈ 2.5 MeV were obtained
using standard calibrated 152Eu and 226Ra sources. Fi-
nally, the full-energy peak efficiencies were obtained by
fitting a function of the form
f (Eγ) = a · exp
(
b · Eγ
)
+ c · exp
(
d · Eγ
)
(1)
to the experimental efficiencies.
In order to obtain a reliable efficiency determina-
tion over the whole energy region and allow for coinci-
dence summing effects, Monte Carlo simulations were
performed using the Geant4 toolkit [18]. These sim-
ulations agree very well with the experimentally ob-
tained full-energy peak efficiencies over an energy range
from Eγ ≈ 350 keV up to the highest γ-ray energy of
Eγ ≈ 10500 keV, see Fig. 3. Due to the large distance
of the HPGe detector to the target and low count rates,
summing effects are negligible. Below a γ-ray energy
of Eγ ≈ 350 keV, the Geant4 simulation tends to over-
estimate the experimental data. This is due to the fact,
that the very details of the detector geometry become
significant at such low energies. This includes, e.g., the
exact thickness of the detector end caps or dead layers
of the HPGe detectors, which might not be known to a
sufficient precision. However, this does not play a sig-
nificant role for the efficiency determination, since the
full-energy peak efficiencies for the lower energies can
be well determined using standard calibration sources.
2.4. γγ coincidences
The combination of the high granularity of the HO-
RUS spectrometer and the event-by-event data format
facilitates the construction of γγ coincidence matrices.
The γγ coincidence technique is a powerful tool to sup-
press the beam-induced background. Although it can-
not be applied directly to the determination of absolute
cross sections, it is most helpful to unambigiously iden-
tify the γ-ray transitions visible in the spectra. With
this, it can be proved, for instance, that the observed
γ-ray transition corresponding to the reaction of interest
is free from contaminants from other decaying nuclei
resulting from target contaminants.
Figs. 4 a) to c) demonstrate the γγ coincidence
method. Fig. 4 a) shows a part of a γ-ray spectrum of
the 89Y(p,γ)90Zr reaction using 4.7 MeV protons, where
no gate was applied. The three marked transitions from
higher lying states feeding the 2186 keV-state in 90Zr
can hardly be recognized due to the large beam-induced
background. After a gate on the γ-ray transition from
the first excited Jpi = 2+1 state to the ground state was
applied, these transitions become clearly visible, see
Fig. 4 b). Fig. 4 c) shows the high-energy part of the
coincidence spectrum. The transition from the excited
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Figure 3: (Color online) Full-energy peak efficiency for one of the
HPGe detectors with a distance of 14 cm to the target. The efficien-
cies for γ-ray energies higher than Eγ = 4 MeV were obtained by
using the Ep = 3674.4 keV resonance of the 27Al(p,γ)28Si reaction.
The decay of this resonance provides γ rays with energies of up to
Eγ = 10509 keV, which are used for a relative efficiency determi-
nation. The remaining ones were obtained using calibrated radioac-
tive sources. The experimental full-energy peak efficiencies are com-
pared to the efficiencies obtained with a Geant4 simulation (dashed
line), which shows an excellent agreement over an energy range from
Eγ ≈ 350 keV up to the highest γ-ray energy of Eγ ≈ 10500 keV.
compound state to the first excited state, denoted as γ1,
can be clearly identified, together with its single escape
peak.
Moreover, γ-ray transitions from the observed com-
pound nucleus with a low intensity might vanish in the
beam-induced background. These transitions would be
missing later on, when the total cross section is deter-
mined. Using the γγ coincidence technique, the beam-
induced background can be reduced so efficiently, that
even the weakest γ-ray transitions become visible in the
coincidence spectra. The absolute influence of such a
transition on the cross section might not be determined
using γγ coincidences. But it strongly supports deter-
mining an upper limit of the impact of a transition on the
total cross section, which is hidden in the beam-induced
background. Thus, using this method, systematic uncer-
tainties concerning missing γ-strength during the data
analysis are drastically reduced.
3. Target chamber design
The target chamber mounted inside the HORUS spec-
trometer was optimized for nuclear astrophysics exper-
iments. The chamber itself measures 7 cm in length and
5.5 cm in width, see Fig. 5. The dimensions of the target
105
106
107
 0.6  0.7  0.8  0.9  1  1.1  1.2  1.3
co
u
n
ts
 / 
ke
V
a)
3 1
-
 
→
 
2 1
+
4 1
+
 
→
 
2 1
+
2 2
+
 
→
 
2 1
+
102
103
104
 0.6  0.7  0.8  0.9  1  1.1  1.2  1.3
b)
22
+
 → 21
+
41
+
 → 21
+
31
-
 → 21
+
100
101
 10  10.2  10.4  10.6  10.8  11
Eγ [MeV]
c)γ1
Figure 4: Excerpt from a γγ coincidence spectrum of the 89Y(p,γ)90Zr
reaction using 4.7 MeV protons. The upper panel a) shows a singles
spectrum, i.e., no gate was applied. The three marked transitions are
hardly visible due to the beam-induced background. Afterwards, a
gate was set on the γ-ray transition from the first excited Jpi = 2+1 state
to the ground state. The low-energy part b) shows the transitions from
higher lying discrete states in 90Zr feeding the Jpi = 2+1 state. In the
high-energy part c) one can clearly recognize the de-excitation from
the compound state to the first excited state, denoted as γ1 , together
with its single escape peak.
chamber were kept as small as possible, in order to fa-
cilitate a preferably short distance from the HPGe detec-
tors to the target, which allows a high full-energy peak
efficiency. The body of the target chamber is made of
aluminum with a thickness of 2 mm. It provides a tanta-
lum coating inside with a thickness of 0.1 mm, which is
used to suppress competitive reactions on the aluminum
housing. The thickness of the tantalum coating was op-
timized in a way, that on the one hand it is thick enough
to stop 5 MeV protons and 15 MeV α-particles, but thin
enough not to significantly absorb γ rays down to an
energy of Eγ = 250 keV. Moreover, this coating can be
removed for activation experiments, when γ rays with
lower energies have to be observed with the HORUS
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Figure 5: Illustration of the target chamber used for nuclear astro-
physics experiments [19]. A cooling finger around the target ladder
prevents residual gas deposits on the target. The inset b) shows the
inside of the target chamber without the cooling finger. A silicon de-
tector for RBS measurements is also available during the experiments,
see Section 3.2. The chamber is coated with tantalum to avoid com-
petetive reactions on the aluminum housing. The cup closely behind
the target can be tilted to stop the beam downstream the HORUS spec-
trometer.
spectrometer after the activation.
The target is surrounded by a copper tube cooled by
LN2. This tube serves as a cooling finger and is used
to minimize residual gas deposits on the target material.
Fig. 5 a) shows an overview of the target chamber in-
cluding the cooling finger around the target ladder. The
inset b) shows a close-up view of the chamber with the
cooling finger removed, offering a view on the target
ladder.
3.1. Current read-out
Since the total number of particles impinging on the
target must be known for the cross-section determina-
tion, the beam current is read out at three different posi-
tions. Firstly, the current is measured at the target itself
and at a Faraday cup, which is located at a distance of
15 cm behind the target. This Faraday cup can be tilted,
i.e., one can choose to stop the beam in the Faraday cup
closely behind the target or the beam dump downstream
the HORUS spectrometer. Additionally, the current is
separately read out at the target chamber itself, in or-
der to measure released secondary electrons as well as
scattered beam particles. The accumulated charge is
individually determined by current integrators with an
overall uncertainty of about 5 %. A negatively charged
aperture with a voltage of US = −400 V at the entrance
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Figure 6: (Color online) Relevant part of the RBS spectrum of a mea-
sured RbCl target, using the built-in RBS detector with 4 MeV pro-
tons. The spectrum is very well reproduced by a simulation using the
SIMNRA code (dashed line). The target thickness was additionally
measured at the RUBION facility in Bochum, Germany, prior to the
experiment. Both measurement yield an excellent agreement within
the experimental uncertainties. The peaks belonging to Rb (right) and
Cl (left) can be clearly identified on top of the Au backing. See text
for details.
of the target chamber is used to prevent secondary elec-
trons from hitting the beamline upstream.
3.2. RBS setup
The target chamber additionally houses a silicon de-
tector, which is used for Rutherford Backscattering
Spectrometry (RBS) measurements, see Fig 5 a). It is
placed at an angle of 135 ◦ relative to the beam axis at
a distance of 11 cm to the target to monitor target sta-
bility during the experiment and to measure the target
thickness. Since the RBS setup became available af-
ter the 89Y(p,γ) measurement, the proof of principle for
this setup is shown for a measurement on the 85Rb(p,γ)
reaction in the following. A typical RBS spectrum of
an 85Rb target irradiated with protons with an energy of
Ep = 4 MeV is shown in Fig. 6. This target was pre-
pared by evaporating RbCl, enriched to (99.78±0.02)%
in 85Rb, onto a 150 mg
cm2
thick gold backing. The two
peaks belonging to Rb (right) and Cl (left) can be clearly
identified. The measured RBS spectrum was simulated
using the SIMNRA code [20], which yields a very good
agreement, see Fig. 6.
The thickness of this target was measured prior to
the experiment at the RBS facility at the RUBION
dynamitron-tandem accelerator at the Ruhr-Universita¨t
Bochum and amounts to an areal particle density of Rb
atoms of (2.01 ± 0.09) × 1018 1
cm2
. The RBS measure-
ment in Cologne yields (1.97±0.16)×1018 1
cm2
, which is
5
in excellent agreement with the Bochum results. Hence,
one can conclude, that no target material was lost during
the irradiation.
4. Cross-section measurement of the 89Y(p,γ)90Zr
reaction
The astrophysically relevant 89Y(p,γ)90Zr reaction
was chosen as a test case for the recently developed ex-
perimental setup in Cologne. This nucleus is located
in a mass region, where the p-nuclei abundances are
not well reproduced by reaction-network calculations
[21]. It is well-suited as a test case, since it was recently
measured in two experiments using the in-beam method
with HPGe detectors [12] as well as the 4pi-summing
technique [8].
The reaction cross-section was measured at five dif-
ferent proton energies ranging from Ep = 3.7 MeV
to Ep = 4.7 MeV. For this experiment, a natural Y
target containing 99.9 % of 89Y was used. It was pre-
pared by vacuum evaporation on a 130 mg
cm2
thick tanta-
lum backing, where the beam was stopped. The target
had a thickness of (583 ± 24) µg
cm2
. An RBS measure-
ment at the Ruhr-Universita¨t Bochum before and after
the measurement ensured, that no target material was
lost during the irradiation.
The target was bombarded for several hours with
beam currents ranging from 1 nA to 60 nA. The large
span of the beam current was due to technical limi-
tations of the accelerator. A typical γ-ray spectrum
for the 89Y(p,γ) reaction using a proton energy of
Ep = 4.5 MeV is shown in Figs. 7 a) - c). It was
obtained by summing up the γ-ray spectra of the six
HPGe detectors positioned at an angle of 90 ◦ relative to
the beam axis. Despite the rather strong beam-induced
background, all relevant γ-ray transitions populating the
ground state in the reaction product 90Zr can be clearly
identified, marked by asterisks in Figs. 7 a) and b).
Moreover, de-excitations of the compound state up to
the 15th excited state, denoted as γi, can be observed,
see Fig. 7 c). The excitation energies were adopted from
Ref. [22].
4.1. Cross-section determination
In order to determine the total cross section σ of the
(p,γ) reaction, the number of produced compound nu-
clei Ncomp must be known, which is given by
Ncomp = σ · Nproj · mtarget, (2)
where Nproj is the number of projectiles, and mtarget is
the areal particle density of target nuclei. Ncomp is de-
rived by measuring the angular distributions of all γ rays
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Figure 7: Typical γ-ray spectrum recorded during the irradiation of
89Y with 4.5 MeV protons. This spectrum was obtained by summing
over all HPGe detectors at an angle of 90 ◦ relative to the beam axis.
All transitions to the ground state of the reaction product 90Zr are
marked with an asterisk. The high-energy part c) shows de-excitations
from the compound state to the ground state or one of the excited
states. The transition to the ground state is indicated by γ0, to the first
excited state as γ1, and so on. De-excitations up to the 15th excited
state were observed. For the strongest transitions, the single and / or
double escape peak is marked, too.
populating the ground state. The measured intensities of
these γ rays are then corrected for the respective num-
ber of impinging projectiles for each beam energy, the
full-energy peak efficiency as well as the dead time of
the data-acquisition system. Subsequently, for every γ-
ray transition a sum of Legendre polynomials was fitted
to the experimental angular distributions:
W i (θ) = Ai0
1 +
∑
k=2,4
αkPk(cos θ)
 , (3)
with the energy-dependent coefficients A0 and
αk (k = 2, 4). An example of an angular distri-
bution for the γ-ray transition from the Ex = 2186 keV
[22] level to the ground state in 90Zr for an incident
proton energy of Ep = 4.2 MeV is shown in Fig. 8.
The cross section can be calculated from the absolute
6
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Figure 8: Angular distribution for the 2+1 → 0
+
g.s. γ-ray transition in
90Zr. The incident proton energy was Ep = 4.2 MeV. The dashed line
depicts the sum of Legendre polynomials fitted to the experimental
data.
coefficients of the respective angular distributions Ai0:
σ =
∑N
i=1 Ai0
mtarget
, (4)
where N is the total number of coefficients, i.e., the
number of considered γ-ray transitions. Further details
about the data-analysis procedure can be found, e.g., in
Ref. [12].
In the compound nucleus 90Zr, there is an iso-
meric Jpi = 5− state at an excitation energy of
Ex = 2319 keV with a half-life of 809.2 ms [22]. Thus,
one must take care, that no yield stemming from this
transition is lost, if only the prompt γ-rays are detected.
This was accomplished by acquiring data until ≈ 5 s af-
ter the irradiation was stopped, in order to guarantee that
all γ-rays stemming from this ground-state transition are
detected.
By using the method of in-beam γ-ray spectroscopy
with HPGe detectors, it is also possible to observe de-
excitations of the compound nucleus to various excited
states. In the cases of activation or 4pi-summing tech-
niques, this is only feasible for isomeric states with a
sufficiently long half-life. By investigating the angular
distributions for each of these γ-ray transitions, it is pos-
sible to derive partial cross sections. The possibility to
measure partial cross sections is a tremendous advan-
tage compared to the other aforementioned experimen-
tal techniques. Partial cross sections can be used to ex-
perimentally constrain the γ-strength function, which is
an important input parameter for theoretically predicted
astrophysical reaction rates, not only for γ-process cal-
culations, but also for, e.g., neutron-capture reactions
during the r process [23].
Table 1: Total cross sections σ measured for the 89Y(p,γ)90Zr reaction
as a function of the effective center-of-mass energy Ec.m..
Ec.m. [keV] σ [mb]
3583 ± 8 1.99 ± 0.27
3891 ± 8 2.77 ± 0.30
4129 ± 8 3.07 ± 0.27
4426 ± 8 2.02 ± 0.25
4624 ± 8 2.05 ± 0.26
4.2. Experimental results
The experimental total cross sections of the
89Y(p,γ)90Zr reaction obtained in this work are given
in Table 1 and shown in Fig. 9. The effective energies
given in the first column of Table 1 were obtained from
Ep = E0 −
∆E
2
, (5)
where E0 is the incident proton energy including the
aforementioned 17 keV offset, see Section 2.2, and ∆E
is the average energy loss inside the target material, that
was obtained using the Srim code [24] and amounts to
24-28 keV depending on the incident energy. The en-
ergy straggling inside the target material was ≈ 8 keV
for all energies.
The uncertainties in the measured cross sections
are composed of the uncertainties in target thickness
(≈ 4 %), accumulated charge (≈ 5 %), detector effi-
ciency (≈ 8 %), and the statistical error of the fit of the
angular distribution (≈ 4 − 7 %).
A comparison of the experimental cross sections to
previously measured data of Refs. [8, 12] is given in
Fig. 9. The present results are in excellent agreement
with the previous data. Hence, one can conclude, that
the recently developed setup at the Institute for Nuclear
Physics in Cologne has become fully operational for
cross-section measurements. Note, that the measured
partial cross sections are not discussed here. The discus-
sion and their possible impact on the γ-strength function
will be subject of a forthcoming publication.
5. Conclusions
In this article, the recently developed setup for cross-
section measurements relevant for nuclear astrophysics
utilizing the high-efficiency γ-ray detector array HO-
RUS was presented. HORUS is a highly flexible
spectrometer, where also other detector types such as
cluster-like detectors or clover-type HPGe detectors can
be mounted. It is possible to obtain γγ coincidence data,
which is a powerful tool to suppress the beam-induced
7
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Figure 9: (Color online) Total cross section for the 89Y(p,γ)90Zr re-
action as a function of the effective center-of-mass energy Ec.m. . The
results are compared to previous measurements using the 4pi-summing
technique (triangles) [8] and the in-beam method with HPGe detectors
(cirlces) [12]. The present data are found to be in excellent agreement
with the previous measurements.
background and to clearly identify the γ-ray transitions
of interest. This method drastically reduces systematic
uncertainties concerning missing weak γ-ray transitions
in the spectra.
The recently developed setup for nuclear astrophysics
experiments was used to determine total cross sections
of the 89Y(p,γ)90Zr reaction at five different energies be-
tween Ep = 3.7 − 4.7 MeV. The data at hand is com-
pared to previously measured data of Refs. [8, 12] and
an excellent agreement is found. Moreover, for the first
time partial cross sections of this reaction were mea-
sured. The results and their discussion concerning the
impact of these measurements on the γ-strength func-
tion will be presented in a forthcoming publication. The
method of in-beam γ-ray spectroscopy allows study-
ing reactions with a stable reaction product. Thus, the
experimental data needed for, e.g., γ-process network
calculations can be widely extended. The γ-ray spec-
trometer HORUS embodies an excellent tool to study
charged-particle induced reactions at energies of astro-
physical interest.
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